Hydrogen sulfide (H 2 S) is endogenously produced in the brain from L-cysteine by the enzyme cystathionine b-synthase (CBS) and functions as a neuromodulator in the brain. H 2 S selectively enhances NMDA receptor-mediated responses and alters hippocampal long-term potentiation (LTP). The production of H 2 S is regulated by Ca 2+ /calmodulin-mediated pathways and is enhanced in response to neuronal excitation. In addition to this fast regulation, we describe here a slower form of the regulation of H 2 S production by testosterone and S-adenosyl-L-methionine (SAM), a CBS activator. Endogenous H 2 S in the mouse brain increases after birth, reaches a maximum level at 8 weeks and then decreases. Female brain contains less H 2 S than male brain at each age. A single administration of testosterone to female mice increases the endogenous H 2 S and SAM, which reach levels similar to those of male mice. In contrast, castration of male mice decreases the levels of testosterone, SAM and H 2 S in the brain. Administration of SAM once a day for 3 days increases the brain H 2 S without significantly changing the testosterone level. These observations suggest that testosterone can regulate the brain H 2 S level via changing the level of SAM.
Hydrogen sulfide (H 2 S) is a well known toxic gas, and most studies concerning H 2 S have been devoted to its toxic effects (Reiffenstein et al. 1992) . However, relatively high levels of endogenous H 2 S have been found in the brains of rats, humans and bovines Warenycia et al. 1989; Savage and Gould 1990) , and it has recently been shown that H 2 S functions as a neuromodulator as well as a smooth muscle relaxant (Abe and Kimura 1996; Hosoki et al. 1997; Zhao et al. 2001; Eto et al. 2002) . Endogenous H 2 S in the brain is formed from L-cysteine by a pyridoxal-5¢-phosphate-dependent enzyme, cystathionine b-synthase (CBS) (Abe and Kimura 1996; Eto et al. 2002) . CBS inhibitors, hydroxylamine and amino-oxyacetate, suppress H 2 S production, while a CBS activator, S-adenosyl-L-methionine (SAM), enhances it. Observations with CBS knockout mice clearly show that CBS is the major enzyme that produces H 2 S in the brain (Eto et al. 2002) .
H 2 S production in the brain is enhanced in response to neuronal excitation via the Ca 2+ and calmodulin-mediated pathways. In addition, physiological concentrations of H 2 S specifically potentiate the activity of N-methyl-D-aspartate (NMDA) receptors, and hippocampal long-term potentiation (LTP) is altered in CBS knockout mice (Abe and Kimura 1996; Eto et al. 2002) . H 2 S can also regulate the release of corticotropin-releasing hormone from the hypothalamus (Russo et al. 2000) . Based upon these observations it has been proposed that H 2 S may function as a neuromodulator or transmitter in the brain (Abe and Kimura 1996; Eto et al. 2002) . The aim of this study is to examine the changes of brain H 2 S levels as a function of age and sex. Since it was found that the brains of male mice have higher levels of H 2 S than females, and as the application of testosterone potentiates the CBS activity by increasing the levels of SAM in female mouse liver, we tested the hypothesis that testosterone and SAM may be involved in the regulation of H 2 S level in the brain.
Materials and methods

Materials and animals
L-Cysteine and acetonitrile were purchased from Wako 1 (Osaka, Japan). SAM, testosterone and Tween 20 were from Sigma (St Louis, MO, USA). 2 Soybean oil was purchased from Hayashi Chemicals (Tokyo, Japan), and skimmed milk was from Difco. An antibody against CBS was made by immunizing rabbits with a whole His-tagged-CBS produced by BL 21. BALB/cA Jc1 mice were purchased from Clea 3 (Tokyo, Japan) and housed under constant temperature and humidity conditions in the animal facility of the institute. Light was maintained on a 12/12-h light/dark cycle. Mice had free access to a standard pellet diet (CE-2; Clea) and water. For the treatment of testosterone, 8-week-old female mice were injected subcutaneously once with 125 mg/kg of testosterone (0.5 lL of 5 lg/mL) dissolved in soybean oil. Control mice were injected with soybean oil alone. For castration, 8-week-old male mice were castrated and after 7 days brains were removed. For the administration of SAM, 50 mg/kg weight of SAM in phosphatebuffered saline (PBS) was applied intraperitoneally to 8-week-old female mice once a day for 3 days. PBS was applied to the control mice. All the animal studies were conducted under institutional oversight.
Brain homogenates
For the measurement of H 2 S production, brains were homogenized in three volumes of Tris-buffered saline [TBS; 50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 0.2 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany)], centrifuged at 10 000 g for 60 min at 4°C, and the supernatant was recovered. The protein concentrations of these homogenates were estimated by Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA).
Western blot analysis
Thirty micrograms of brain homogenates was subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. Proteins in the gels were electrophoretically transferred with buffer (48 mM Tris/HCl, pH 8.3, 39 mM glycine and 20% methanol) onto Hybond-C extra nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ, USA) 4 . After blocking with TBST (5% skimmed milk in 20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 1 h at room-temperature, the membrane was incubated with an antibody against CBS for 1 h. After washing with TBST the membrane was incubated with the donkey anti-rabbit Ig which is linked with horseradish peroxidase (Amersham Bioscience) for 1 h. The membrane was reacted with chemiluminescence 5 reagent (NEN, Boston, MA, USA) and exposed by a chemiluminescence film (Hyperfilm ECL; Amersham Bioscience).
Measurement of H 2 S
The amounts of endogenous H 2 S in the brain were measured by a gas chromatography (Hoshika and Iida 1977; GC-14B; Shimadzu, Kyoto, Japan) . Briefly, 100 lL of homogenates consisting of one volume of brain and three volumes of 10 mM NaOH in a 1.5-mL microtube were filled with nitrogen gas and sealed with parafilm (American National Can TM , Menasha, WI, USA). H 2 S gas was released by adding 100 lL of 100% trichloroacetic acid to the tube with a 1-mL syringe, then incubated at 37°C for 30 min. Three hundred microliters of gas was removed from the reaction tube and applied to a gas chromatograph. Retention time for H 2 S is 2.6 min when a glass column 3.1 · 3.2 mm is used with nitrogen, hydrogen and air pressure, 50, 50 and 45 kPa, respectively. H 2 S produced by brain homogenates was measured as follows. One hundred microliters of 50 mM Tris, pH 8.6, 2 mM pyridoxal 5¢-phosphate, 1 mM L-cysteine, with 15-30 lg total protein of brain extracts were incubated at 37°C for 30 min. The procedures to measure the amounts of H 2 S released were the same as above. The quantitation of H 2 S was done using NaHS as a standard.
Measurement of free L-cysteine and SAM in the brain
The amounts of L-cysteine were measured by using a reverse-phase HPLC (Waters, 2690) with fluorescence detection. Two hundred microliters of brain extracts were boiled and extracted with an equal amount of phenol/chloroform (1 : 1), then centrifuged at 15 000 g for 10 min. The supernatant was labeled by AccQ-Tag system (Waters, Milford, MA, USA) 6 and applied to the HPLC (Waters 2690 separation module and 474 scanning fluorescence detector). 150 mm · 3.9 mm (AccQ Tag, Waters) column with a mixture of 91% AccQ Tag Eluent A (Waters) and 9% acetonitrile; gradient elution with acetonitrile from 9 to 60% was used. The retention times for L-cysteine and SAM are 7.2 min and 4.6 min, respectively. Quantitation was done with an external standard of L-cysteine and SAM.
Measurement of testosterone
The amounts of testosterone were measured by using a testosterone EIA kit (Cayman Chemical, Ann Arbor, MI, USA). One hundred microliters of brain homogenates in 50 mM Tris-HCl (pH 7.4) with 150 mM NaCl were extracted with 10 volumes of diethyl ether. The layer of diethyl ether was recovered and evaporated. The resultant extract was dissolved in 100 lL EIA buffer, and the OD 415 was measured.
Fig. 2 H 2 S level is regulated by testosterone and SAM. (a) H 2 S production is regulated by testosterone in vivo.
A single 125 mg/kg of testosterone was applied subcutaneously to 8-week-old female mice (+), and after 5 days endogenous levels of brain H 2 S were compared with male brains and female brains without testosterone (-). (b) CBS level is not changed by the application of testosterone. The western blot analysis shows that there is no significant difference in the levels of CBS between females in the presence or absence of testosterone or between males and females. Actin was used as a control. (c) The activation of H 2 S production by testosterone is not by the direct interaction with CBS. Brain homogenates of 8-week-old females were incubated at 37°C for 30 min with 1 mM L-cysteine and 2 mM pyridoxal 5¢-phosphate in the presence or absence of 3 or 300 nM testosterone, and the H 2 S production was measured. Standard error was too small to be shown in the figure (35.7 ± 0.01 at 0 nM, 34.3 ± 0.08 at 3 nM and 32.1 ± 0.04 at 300 nM). (d) The level of SAM in the female brain was increased by the in vivo application of testosterone. The endogenous amounts of SAM were measured by the HPLC for brains shown in (a). The SAM level in female brain in the presence of testosterone is significantly different from that in the absence of 9 testosterone (*p < 0.05 by the Student's t-test). All the data are represented as the mean ± SEM of five experiments.
Results
Endogenous levels of H 2 S in the brain Because age-dependent changes and the difference between sexes have not yet been determined, the endogenous H 2 S in the brains of mice was measured as a function of age and sex by a gas chromatography. Embryonic brains contain 0.26 ± 0.05 nmol/mg protein (n ¼ 5) of endogenous H 2 S which increases with age and reaches a peak value at 8 weeks after birth of 2.75 ± 0.21 nmol/mg protein (n ¼ 5) for females, and 3.97 ± 0.18 nmol/mg protein (n ¼ 5) for males (Fig. 1a) . After 8 weeks the endogenous H 2 S levels began to decrease, and reached a level of 1.82 ± 0.14 nmol/mg protein (n ¼ 5) for females, and 1.75 ± 0.50 nmol/mg protein (n ¼ 5) for males at 48 weeks after birth. At 128 weeks the level of endogenous H 2 S of the male brains declined to 0.85 ± 0.09 nmol/mg protein (n ¼ 3). Although age-dependent changes in endogenous H 2 S are similar between male and female mice, male brains always contain higher concentrations of H 2 S than those of females at each age (Fig. 1a) .
There are three possibilities that may cause the changes in the endogenous H 2 S levels: differences in the amounts of CBS; the levels of a substrate for CBS; and the activity of CBS. To examine the first possibility, the amount of CBS in the brains of animals of each age and sex were compared.
Thirty micrograms of brain homogenates from each condition were analyzed by western blotting with an antibody against CBS. The amount of the 61 kDa CBS is greatest at 2 weeks after birth and gradually decreases until 128 weeks (Fig. 1b) , but there is no significant correlation between the amounts of CBS and H 2 S production (Figs 1a and b) .
To determine the levels of CBS substrate, the amounts of L-cysteine in the brain were measured by the HPLC. The concentration of L-cysteine in the brain is highest in the 15-day-old embryos (109 ± 0.7 lM, n ¼ 5), but the brains of animals older than 2 weeks show similar levels of the amino acid (around 73 lM, Fig. 1c ). These data show that there is no correlation between the levels of endogenous H 2 S and those of L-cysteine.
Testosterone regulates the production of H 2 S by increasing SAM Because the application of testosterone potentiates the activity of CBS by increasing the levels of a CBS activator, SAM, in female mouse liver (Manteuffel-Cymborowska et al. 1992) , it is possible that the application of testosterone to female mice also enhances CBS activity in the brain. To test this possibility, 5 days after a single application of 125 mg/kg testosterone to 8-week-old female mice, the endogenous levels of H 2 S were measured by gas chromatography. The level of H 2 S in female brains (2.40 ± 0.11 nmol/mg protein) is greatly increased by the treatment of testosterone (4.10 ± 0.32 nmol/mg protein, n ¼ 5; p < 0.05 by the Student's t-test) and almost reached the level of male brains (4.56 ± 0.18 nmol/mg protein) (Fig. 2a) . In contrast, there is no significant effect of testosterone on the amount of CBS in the brains of female mice measured by western blot analysis (Fig. 2b) . These observations indicate that testosterone increases the production of brain H 2 S by activating CBS activity.
To examine whether or not testosterone directly activates CBS, H 2 S production from brain homogenates was measured with 1 mM L-cysteine and 2 mM pyridoxal 5¢-phosphate in the presence or absence of testosterone. There is no significant difference in H 2 S production between the presence or absence of testosterone (Fig. 2c) , suggesting that testosterone does not directly activate CBS.
To examine whether testosterone changes SAM levels, the amounts of SAM in the same samples shown in Fig. 2(a) were measured by the HPLC. The level of SAM in female brains (3.55 ± 0.04 lM) is increased (4.03 ± 0.04 lM, n ¼ 5) and reaches the level of male brains (3.99 ± 0.14 lM) (Fig. 2d ). The difference in the level of SAM in female brains between with and without testosterone is significant (p < 0.05 by the Student's t-test), while the difference between SAM levels in female brains with testosterone and male brains is not significant. These results show that in addition to H 2 S, testosterone also changes the levels of SAM.
To confirm the above results, endogenous testosterone, H 2 S and SAM in the brains of castrated male mice were measured and compared with those in the control male brains. Seven days after the castration, the testosterone level in the castrated male brains (0.70 ± 0.35 pg/mg protein, n ¼ 10) was significantly decreased compared with that in the control brains (0.21 ± 0.04 pg/mg protein, n ¼ 5; p < 0.001 by the Student's t-test, Fig. 3a) . The amount of H 2 S in the castrated male brains (3.28 ± 0.07 nmol/mg protein, n ¼ 10) was significantly lower than the control brains (4.45 ± 0.30 nmol/mg protein, n ¼ 5; p < 0.05 by the Student's t-test, Fig. 3b ). The concentrations of SAM in the castrated male brains (2.98 ± 0.11 lM, n ¼ 10) were also significantly lower than those in the control brains (4.00 ± 0.08 lM, n ¼ 5; p < 0.05 by the Student's t-test, Fig. 3c ). Castration did not, however, change the amount of CBS in the brain (Fig. 3d) . These results confirm that testosterone can regulate the levels of both H 2 S and SAM.
To examine whether or not SAM controls H 2 S levels, brain H 2 S levels of female mice injected with SAM were measured and compared with those without SAM. One injection in a day of SAM for 3 days significantly increased brain H 2 S levels (4.34 + 0.23 nmol 7 /mg protein, n ¼ 5) compared with those of control brains (2.9 + 0.11 nmol/mg protein, n ¼ 5; p < 0.005 by the Student's t-test, Fig. 4a ). The testosterone levels were not significantly different between mice with or without exogenous SAM (by the Student's t-test, Fig. 4b ). There was also no effect of SAM administration on the level of CBS (Fig. 4c) . These observations demonstrate that SAM is a downstream effector that controls brain H 2 S induced by testosterone.
The age-and sex-dependent changes of brain H 2 S The above results with the acute administration of testosterone and the use of castrated animals suggest that testosterone can control brain H 2 S by changing the level of SAM (Figs 2-4 ). To examine whether or not testosterone and SAM are involved in the age-and sex-dependent changes in H 2 S levels, the amounts of testosterone and SAM were measured in brains of 15-day-old embryos, 2, 4, 8, 12 and 48-week-old males and females as well as 128-week-old males. The testosterone level was greatest in the embryonic brain (4.20 ± 0.10 pg/mg protein, Fig. 5a ). Two-week-old male brain contained 1.08 ± 0.17 pg/mg protein testosterone, and it gradually decreased to 0.75 ± 0.16 pg/mg protein at 128 week. The testosterone level in female brain was much lower than male brain at 2 weeks (0.22 ± 0.02 pg/mg protein), and it sharply decreased to 0.04 ± 0.01 pg/mg protein at 48 weeks.
The amount of SAM in the embryonic brain was 2.84 ± 0.21 lM and increased as a function of age, reaching a peak at 12 weeks after birth [3.70 ± 0.05 lM (n ¼ 5) for females, and 4.25 ± 0.28 lM (n ¼ 5)] for males. The amount of SAM then decreased (Fig. 5b ). Although changes in endogenous H 2 S in the brain are similar to those of SAM except for the ages which give peak values, the magnitude of change is much less great for SAM than H 2 S.
Discussion
The present study shows that the endogenous level of H 2 S in the brain changes as a function of age and sex, and that H 2 S production in the brain is partly regulated by testosterone and SAM. Male brains contain more H 2 S than female brains at each age (Fig. 1a) , suggesting the involvement of testosterone in the regulation of the H 2 S level as may occur in the liver (Manteuffel-Cymborowska et al. 1992 ). The present results show that the application of testosterone to female mice increases H 2 S and SAM in the brain to almost reach the levels of males (Figs 2a and d) . In contrast, castration of male mice decreases the levels of testosterone, H 2 S and SAM (Fig. 3 ). These observations suggest that both testosterone and SAM are involved in the regulation of brain H 2 S. Since SAM is an activator of CBS (Finkelstein et al. 1975; Stipanuk and Beck 1982; Abe and Kimura 1996; Eto et al. 2002) , it is likely that SAM is a downstream regulator of H 2 S production induced by testosterone. The present finding that the application of SAM increases the H 2 S level without significantly changing the level of testosterone clearly shows that SAM may be the final activator of H 2 S production induced by testosterone (Fig. 4) .
The difference in endogenous testosterone levels between male and female brains is much greater than that of H 2 S, and age-dependent changes in the testosterone level do not correlate with those of H 2 S (Figs 1a and 5a) . The agedependent changes of SAM are less great than those of H 2 S, and the ages that give peak values are also different between SAM and H 2 S (Figs 1a and 5b ). These observations, in conjunction with our previous findings that H 2 S production is regulated by the Ca 2+ /calmodulin-mediated pathway, suggest that there are at least three ways in which endogenous H 2 S can be regulated. The first is the fast regulation via the Ca 2+ and calmodulin-mediated pathway observed when neurons are electrically excited (Eto et al. 2002) . The second is the slow regulation via the testosterone-and SAMmediated pathway shown above. Finally, there must be a regulation of the basal H 2 S level by another pathway to account for the discrepancy in the sex-and age-dependent changes of testosterone levels and the levels of SAM (Fig. 5) . Glucocorticoids are a candidate because they regulate SAM synthesis in the liver (Gil et al. 1997) .
H 2 S modifies hippocampal LTP by selectively enhancing NMDA receptor-mediated responses (Abe and Kimura 1996; Eto et al. 2002) , and testosterone and estradiol also alter hippocampal LTP (Harley et al. 2000; Foy 2001 ). These observations, together with our present results which show that testosterone controls brain H 2 S levels, suggest that H 2 S can be one of the final effectors of the hormones that modify LTP. Another possible effector, nitric oxide, which modifies hippocampal LTP, is also regulated by testosterone (O'Dell et al. 1991; Schuman and Madison 1991; Singh et al. 2000) . Because the episodic memory is different between sexes and memory for object identity is age-dependent (Herlitz and Yonker 2002; Schiavetto et al. 2002) , sex-and age-dependent changes in the level of H 2 S may influence these cognitive functions.
